INTRODUCTION {#s1}
============

The third most common cancer worldwide, cervical cancer ranks second in cancer related mortality among women \[[@R1], [@R2]\]. Nearly 530,000 new cases emerge every year and cervical cancer accounts for over 275,000 deaths annually, making up 9% and 8% of total cancer rates, respectively \[[@R1]\]. Although incidence rates of invasive cervical cancer have decreased by 54% in the past 35 years, treatment still holds an unacceptably low 5-year survival rate of 75% for women younger than 65 \[[@R3]\]. Due to the derivation of cervical cancer from multiple human papillomavirus strains combined with viral cell cycle negative regulator inhibitors, researchers are encouraged to develop new methodologies and drugs to combat cervical cancer \[[@R4]\]. In parallel, a more complex biological understanding is necessary to implement novel therapeutic strategies to benefit patients with either HPV or cervical cancer.

The ubiquitin proteasome pathway plays a critical role in protein degradation and is widely conserved in eukaryotes. With the cascade mechanism of three variable enzymes, E1, E2, and E3, the 26S proteasome in humans is provided with a recognition signal to degrade proteins that have undergone specific ubiquitination \[[@R5]\]. Essentially, selective degradation via proteasome only occurs in proteins covalently ligated to multiple series of ubiquitin, or polyubiquitination \[[@R6]\]. Subunits Rpn13/ADRM1 and Rpn10/S5a and possibly Rpn1 and Rpt 5 of 26S proteasome bind polyubiquitinated proteins which pass through an unstructured initiation site, producing efficient proteasome-mediated degradation that is hastened by the natural occurrence of polyubiquitinated model substrates to facilitate gate opening and allosterically activate peptidase activities \[[@R7], [@R8]\]. In particular, proteasomal degradation regulates cell cycle protein regulators, such as but not limited to p27 and p53 \[[@R9]\]. Additionally, proteasome treatment offers possible pro- or anti-apoptotic effects induced via p38 and the c-Jun N-terminal kinase (JNK) pathway, notwithstanding the specific mechanisms are yet to be elucidated \[[@R10], [@R11]\]. As a positive side effect, lack of proteasomal degradation causes anti-tumor protein accumulation and induces a terminal unfolded protein response \[[@R12]\]. Studying proteasomal degradation is specifically fundamental to cervical cancer as there seems to be no connection with the normative mutations of tumor suppressive genes found in many other cancers, prompting heavy causation due to proteasome-related faults \[[@R13]\].

The wild type p53 gene codes for an invaluable transcription factor responsible for a variety of anti-proliferative programs in tumor cells \[[@R14]\]. In subsequent occurrence to DNA error, p53 protein accumulates, facilitating a transient arrest in the cell cycle, specifically either the G1 or G2 phase, allowing enzymatic repair of DNA lesions before DNA replication or mitotic division \[[@R15]\]. Such anti-tumor effects are accomplished via the protein activation of p21 for cell cycle arrest and Noxa to PUMA which induces mitochondrial cytochrome c induced apoptosis \[[@R16]\]. Another differential exists which p53 incurs apoptosis in cells with DNA damage \[[@R15]\]. In HPV positive cervical cancer cells which contain wild-type p53, initial levels of p53 are significantly downregulated since E6-AP, a member of the HECT family of E3 ligases, interacts with the E6 protein found in HPV, resulting in an E6/E6-AP complex that directly targets p53 for ubiquitination and eventual proteasomal degradation \[[@R17]\]. Thus, p53 is unable to be either stabilized or expressed in response to HPV E6 oncogene expression \[[@R18]\]. Likewise to E6-AP, MDM2 is an E3 ubiquitin ligase, promoting p53 degradation via the ubiquitin proteasome pathway \[[@R19]\].

Mitogen-activated protein kinases, or MAPKs, play a key role in regulation of a large variety of cellular behaviors predicated off of extracellular stimuli \[[@R20]\]. Two prominent subgroups in particular, the isoforms of the p38 MAPK and Jun N-terminal kinases, or JNKs, serve as regulators of apoptosis, autophagy, cell proliferation, cell migration, and invasion \[[@R20]-[@R22]\]. Upstream MAP kinase kinases or MKKs activate the dual phosphorylation sites located on p38 by isoforms, specifically MKK3 and MKK6 \[[@R23]\]. Also vulnerable to autophosphorylation, p38 MAPKs regulate a series of protein transcription factors including the tumor suppressor p53, activating transcription factors ATF-1/2/6, SRF accessory protein Sap1, CHOP derived from DNA inducible and growth arrest GADD153, ELK1, C/EBPβ, myocyte-specific enhancer factor 2 (MEF2), and high mobility group-box protein 1 (HBP1) \[[@R23]-[@R25]\]. Following activation, p38 proteins translocate into the nucleus and phosphorylate serine/threonine residues of related substrates \[[@R26]\]. Specifically, p38α MAPK activation has been shown to be crucial in chemotherapy induced apoptosis \[[@R27]-[@R29]\]. JNKs, another superfamily of MAPKs, play key roles in regulating cell proliferation, apoptosis, and cell differentiation \[[@R21]\]. Dual-specificity kinases MKK4 and MKK7 phosphorylate Thr- and Tyr- residues of JNKs upon TXF motifs within the respective activation loop \[[@R21]\]. Preceding MKK4 or MKK7 activation, fourteen distinct MAP kinase kinase kinases (MAP3Ks) serve to activate MAPKKs \[[@R30], [@R31]\]. All three JNKs, JNK-1, JNK-2, and JNK-3, prove significant roles in apoptotic signaling stimulation through activation of the cytochrome c-mediated death pathway \[[@R21]\]. Both p38 MAPKs and JNKs have been reported to be directly responsible for activation of p53 and p53 transcriptional targets \[[@R32], [@R33]\]. Consequently, lack of JNK function or inhibition of the JNK signaling axis promotes cervical cancer invasion \[[@R34]\]. Proteasome inhibition has proven useful in promoting JNK related apoptosis as proteasome inhibitors activate specific stress kinases effectively activating the JNK signaling pathway \[[@R11]\].

Tumor proteasome activity results in aberrant protein levels, accumulation of ubiquitin related enzymes, cell proliferation, and tumorigenesis \[[@R35], [@R36]\]. Indeed, small molecule inhibition of proteasome has been reported to have anti-tumor effects in a variety of human cancers, including multiple myeloma, acute myeloid leukemia, breast cancer, mantle cell lymphoma, non-small cell and small cell lung cancer (NSCLC and SCLC), melanoma, and pancreatic cancer \[[@R37]-[@R43]\]. Although several proteasome inhibitors have demonstrated anti-tumor effects in preclinical models or clinical trials, the novel proteasome inhibitor delanzomib (CEP-18770) has not been evaluated in patients with cervical cancer with or without high risk HPV \[[@R44]-[@R47]\]. Additionally, the unique combinations of delanzomib with traditional chemotherapeutic drugs have yet to be evaluated in cervical cancer within humans. Thus, the mechanisms of action of polychemotherapy have not been investigated.

Delanzomib, a novel 26S proteasome inhibitor, produces cytotoxic effects via inhibiting chymotrypsin-like activity of the proteasome with a significantly lower IC~50~ value than other proteasome inhibitors while having more favorable cytotoxicity regarding human epithelial cells, bone marrow progenitors, and bone marrow-derived stromal cells \[[@R48]\]. In this lab report, we show that by preventing 26S proteasome activity, delanzomib provided potent anti-tumor cytotoxicity at very low concentrations. As previously stated, low p53 and low activation of p38/JNK correlate with invasive cervical cancer and poor tumor prognosis. Delanzomib induced apoptosis by reversibly binding with the 26S proteasome and thus, blocked anti-tumor proteins from being degraded in cervical cancer cells. More importantly, in combination with doxorubicin, treatment was able to sensitize cervical cancer cells at very relatively low concentrations in comparison to respective IC~50~s and other lone chemotherapy drugs *in vivo*. The results of our experiment implicate that small molecule inhibitors such as delanzomib, both single and in combination with other chemotherapy treatments, should be developed for patients with cervical cancer and the 26S proteasome and the multiple associated pathways are potential therapeutic targets for cervical cancer.

RESULTS {#s2}
=======

Proteasome inhibitor delanzomib exhibits cytotoxic effects on cervical cancer cells {#s2_1}
-----------------------------------------------------------------------------------

To evaluate efficacy, delanzomib was tested on five typical cervical cancer cell lines: HeLa, SiHa, ME-180, C33A, and Caski cell lines. In a dose-dependent manner, delanzomib significantly reduced cell proliferation in the five cervical cancer cell lines tested (Figure [1A](#F1){ref-type="fig"}). Additionally, the IC~50~ values of delanzomib in all cell lines were relatively low (Figure [1B](#F1){ref-type="fig"}). Cell morphology imaging confirmed high apoptotic rates of all five cell lines in a dose-dependent manner (Figure [1C](#F1){ref-type="fig"}).

![Delanzomib inhibits cervical cancer cell proliferation\
**(A)** Five typical cervical cancer cell lines were treated with increasing concentrations of delanzomib for 72 hours. Cell viability was then measured with Cell Counting Kit-8 (CCK-8) assay. *P*-values \< 0.05 (^\*^), *P* \< 0.01 (^\*\*^), or *P* \< 0.001 (^\*\*\*^) (Student's *t*-test, two-tailed) were indicated. **(B)** The IC~50~ values of delanzomib in each cell lines listed were calculated based on the data in (A). Additionally, HPV/p53 status were shown for each cell line. **(C)** Morphologic changes of the five cervical cancer cell lines treated with increasing concentrations of delanzomib for 72 hours were shown.](oncotarget-08-114123-g001){#F1}

Delanzomib induces apoptosis through upregulation of p53 and p53 transcriptional targets and p38/JNK phosphorylation in cervical cancer cells {#s2_2}
---------------------------------------------------------------------------------------------------------------------------------------------

The p53 protein and its induction of downstream transcriptional targets, including p21, Noxa, and PUMA, are critical for tumor suppression and are invaluable for cancer treatment \[[@R14], [@R49]\]. To evaluate the mechanism behind the cytotoxic effect of delanzomib, we performed an immunoblotting analysis predicated upon p53, p21, Noxa, and PUMA. In a panel of 5 cervical cancer cell lines, a combination of initial protein levels of either p53, p21, PUMA, or Noxa were downregulated without treatment (Figure [2A](#F2){ref-type="fig"}, [Supplementary Figure 1](#SD1){ref-type="supplementary-material"}). In all cell lines tested, delanzomib was able to upregulate p53 levels and p53 downstream transcriptional targets p21, PUMA, and Noxa (Figure [2A](#F2){ref-type="fig"}). Both p38 and JNK are possible inducers of apoptosis and thus, we examined activation levels. We performed an immunoblotting analysis and found p38 and JNK activation in all cell lines with relatively low concentrations of delanzomib (Figure [2A](#F2){ref-type="fig"}). Additionally, delanzomib caused PARP cleavage, a confirmation of apoptosis (Figure [2A](#F2){ref-type="fig"}).

![Delanzomib induces apoptosis through upregulation of p53 and p53 transcriptional targets and p38/JNK phosphorylation in cervical cancer cells\
**(A)** HeLa and SiHa cells were treated with indicated increasing doses of delanzomib for 24 hours, were subjected to SDS-PAGE, and then immunoblotted with indicated antibodies. Anti-α-Tubulin was used as a loading control for all whole cell extract samples. **(B)** A panel of five cervical cancer cell lines were treated with indicated doses of delanzomib (0 μM, 0.05 μM, 0.5 μM) and the crystal violet staining was shown. **(C)** HeLa and SiHa cells were treated with delanzomib (0.1 μM) for 12 hours. Cells were then washed in ice cold PBS, fixed with ice cold 70% ethanol, incubated in PI solution, and finally analyzed via flow cytometry. Cell cycle distributions of HeLa and SiHa were presented as percentages.](oncotarget-08-114123-g002){#F2}

Proteasome inhibitor delanzomib inhibits colony formation potential and induces G2/M phase arrest in cervical cancer cells {#s2_3}
--------------------------------------------------------------------------------------------------------------------------

To test the ability of delanzomib to inhibit colony formation, we performed a colony formation assay. Delanzomib was able to inhibit colony formation with relatively low doses (Figure [2B](#F2){ref-type="fig"}).

In order to assess reasons behind apoptosis, we tested if delanzomib had potential to affect the cell cycle. Through cell cycle analysis, we observed significant accumulation of G2/M cell populations in cervical cancer cell lines HeLa (17.9% to 24.5%) and SiHa (15.9% to 24.5%) after 12 hours of treatment (Figure [2C](#F2){ref-type="fig"}).

Delanzomib enhances the cytotoxic effect of Dox on cervical cancer cells {#s2_4}
------------------------------------------------------------------------

Since cervical cancer cells are contingent upon proteasome dysregulation, traditional chemotherapeutic agents are unable to achieve a high enough efficacy and as a result, single treatment therapies will likely result in chemoresistance. Thus, a novel strategy such as combination therapy is required to overcome treatment resistance. To evaluate the effects of polychemotherapy, we tested delanzomib with the traditional chemotherapeutic agent doxorubicin (Dox) on a panel of five cervical cancer cell lines: HeLa, SiHa, ME-180, Caski, and C33A. We found that combination therapy with delanzomib and Dox significantly enhanced cytotoxic effects on cervical cancer cells (Figure [3A](#F3){ref-type="fig"}). At 50% and 10% cell viability, Synergic Indexes less than 1 had synergic interactions between delanzomib and doxorubicin (Figure [3B](#F3){ref-type="fig"}). Our data strongly suggest that delanzomib is able to increase Dox-induced cell death in all cervical cancer cell lines.

![Delanzomib enhances the cytotoxic effect of Dox on cervical cancer cells\
**(A)** A panel of five cervical cancer cell lines were seeded in separate 96-well plates and were incubated with the indicated concentrations of Dox or Dox plus delanzomib (0.01 μM) for 24 hours. Cell viability was then measured with Cell Counting Kit-8 (CCK-8) assay. *P*-values \< 0.05 (^\*^), *P* \< 0.01 (^\*\*^), or *P* \< 0.001 (^\*\*\*^) (Student's *t*-test, two-tailed) were indicated. **(B)** Synergic Indexes were shown with delanzomib and Dox.](oncotarget-08-114123-g003){#F3}

Delanzomib enhances Dox-induced apoptosis through p53 stabilization, p21, PUMA, and Noxa upregulation, and p38/JNK activation in cervical cancer cells {#s2_5}
------------------------------------------------------------------------------------------------------------------------------------------------------

Since delanzomib works synergistically with Dox, we utilized an immunoblotting analysis to elucidate the mechanisms of action. On a panel of five cervical cancer cell lines, the combination of delanzomib plus Dox was able to accumulate levels of p53 where p53 was initially unnoticeable and upregulate p53 transcriptional targets p21, PUMA, and Noxa to a greater degree than just single treatment of delanzomib or Dox alone (Figure [4A](#F4){ref-type="fig"}). Since C33A is a p53 mutant cell line, initial levels of p53 were present without treatment (Figure [4A](#F4){ref-type="fig"}). However, both single treatment of delanzomib and combination treatment of delanzomib plus Dox caused upregulation of p53 transcriptional targets p21, PUMA, and Noxa in p53 mutant cell line C33A (Figure [4A](#F4){ref-type="fig"}). To assess whether p53 or its transcriptional targets were stabilized or activated, we performed RT-PCR to examine expressions of *TP53*, *CDKN1A*, *BBC3*, and *PMAIP1* for single treatments of delanzomib and Dox. RT-PCR revealed that in the wild-type p53 cell line HeLa, delanzomib treatment was able to stabilize p53 and activate p53 transcriptional target genes *CDKN1A*, *BBC3*, and *PMAIP1* (Figure [4B](#F4){ref-type="fig"}). Additionally, we found that treatment with Dox increased expression transcriptionally of p53, a possible explanation behind the synergy and greater levels of p53 due to delanzomib plus Dox treatment (Figure [4B](#F4){ref-type="fig"}). Since p53 was stabilized in HeLa, transcriptional targets of p21, PUMA, and Noxa were expressed to a greater degree (Figure [4B](#F4){ref-type="fig"}). However, in p53 mutant cell line C33A, *CDKN1A*, *BBC3*, and *PMAIP1* did not noticeably change in mRNA levels and thus, p53 downstream targets p21, PUMA, and Noxa were stabilized with treatment of delanzomib (Figure [4B](#F4){ref-type="fig"}). In addition, delanzomib increased Dox-induced activation of p38/JNK (Figure [4A](#F4){ref-type="fig"}), another possible explanation as to the greater cytotoxic effect. Furthermore, increased causation of PARP cleavage in delanzomib plus Dox treated cells confirmed greater cytotoxicity of the combination treatment (Figure [4A](#F4){ref-type="fig"}).

![Delanzomib enhances Dox-induced apoptosis through p53 stabilization, p21, PUMA, and Noxa upregulation, and p38/JNK activation in cervical cancer cells\
**(A)** A panel of five cervical cancer cell lines were treated with either delanzomib (0.01 μM) alone, Dox (0.05 μM) alone, or delanzomib plus Dox for 0 hours, 8 hours, or 16 hours as indicated. Cells were subjected to SDS-PAGE and immunoblotted with indicated antibodies. Anti-α-Tubulin was used as a loading control for all whole cell extract samples. **(B)** mRNA levels of *TP53*, *CDKN1A*, *PMAIP1*, and *BBC3* are shown and indicated with either single or combination treatment. Cells were treated for 4 hours with either delanzomib (0.1μM) or doxorubicin (0.5 μM).](oncotarget-08-114123-g004){#F4}

Delanzomib inhibits colony formation of cervical cancer {#s2_6}
-------------------------------------------------------

Aggressive tumor metastasis and neoplastic cells can often be characterized with anchorage-independent growth. Thus, we examined the effect of delanzomib on anchorage-independent cell growth of cervical cancer. On a panel of five cervical cancer cell lines, we found that delanzomib greatly inhibited colony formation in a dose-dependent manner (Figure [5A](#F5){ref-type="fig"}). Moreover, there was a statistically significant reduction in cell colony numbers as doses of delanzomib increased (Figure [5B](#F5){ref-type="fig"}), proving that delanzomib is capable of suppressing anchorage-independent growth of cervical cancer.

![Delanzomib inhibits colony formation of cervical cancer\
**(A)** Five different cervical cancer cell lines were grown in soft agar, treated with indicated dosages of delanzomib, and grew in an incubated environment for 2 weeks. **(B)** Colony numbers of (A) were counted.](oncotarget-08-114123-g005){#F5}

DISCUSSION {#s3}
==========

The ubiquitin proteasome pathway is a potential target in cervical cancer due to the critical roles of the proteasome in many tumor related pathways. Thus, chemotherapeutic inhibition of the 26S proteasome is a viable strategy for cervical cancer treatment \[[@R50]\]. In this study, delanzomib induced apoptosis, sensitized cells to doxorubicin-induced apoptosis, and upregulated key proteins such as p53, p38, and JNK in multiple cervical cancer cell lines via proteasome inhibition.

The 26S proteasome, which affects a myriad of pathways and contributes to overall cell functionality, is an attractive target for cancer therapy \[[@R50]\]. As a result, potent proteasome inhibitor development is quickly becoming a novel chemotherapeutic hotspot. Bortezomib, the first generation of proteasome inhibitors, also inhibits proteasome function and induces apoptosis \[[@R51]\]. However, along with powerful proteasome inhibition, bortezomib induces sensory peripheral neuropathy, postural hypotension, and thrombocytopenia \[[@R44], [@R52]\]. Such adverse effects do little to ameliorate dosage limitations and results in a less desirable effect. On the other hand, delanzomib has been proven to act more favorably on human cells \[[@R48]\]. Although the mechanisms as to why delanzomib is more sympathetic to normal cells remain unknown, we hypothesize delanzomib might potentially be more applicable to treating patients with cervical cancer since reducing adverse side effects is a necessity when it comes to chemotherapy as both efficacy and side effects are strongly correlated due to dose limits.

One problem in the clinical setting is the inability of traditional chemotherapy drugs to kill all cells due to the chance of beneficial mutations in cancer cells that make treatment ineffective, a phenomenon known as chemoresistance. Relapse, a major effect of chemoresistance, remains a difficult problem to address. Although potent, doxorubicin, a traditional chemotherapeutic agent, lacks the ability to achieve a high enough efficacy as a stand-alone treatment. To make matters worse, Dox is heavily limited by its serious complications such as cardiomyopathy, which ultimately lead to lower doses and a less desirable effect \[[@R53]\]. Therefore, we tested whether delanzomib would work synergistically with Dox to exhibit a stronger cytotoxic effect. In terms of cell viability, combination treatment significantly increased apoptosis with concentrations lower than the control treatment of only doxorubicin. Treatment with doxorubicin plus delanzomib produced higher levels of PARP cleavage than single treatments alone, confirmation of stronger apoptosis. These results suggest that delanzomib is able to increase the efficacy of Dox by sensitizing cervical cancer cells and has the potential to lower doses of Dox and still achieve a significant antitumor effect.

Perhaps one of the most effectually complex proteins, p53 is a challenging target in cervical cancer due to the role of HPV E6 oncoprotein which directly causes specific ubiquitination and eventual degradation of p53 via E3 ubiquitin ligase E6-AP \[[@R54]\]. Thus, we hypothesized that preventing the proteasomal degradation will result in reclamation and stabilization of original p53 levels and possible upregulation of p53 transcriptional targets. We tested the effects of delanzomib on p53, p21, Noxa, and PUMA levels and found substantial upregulation of all respective proteins with relatively low concentrations of treatment. RT-PCR confirmed that the p53 was stabilized and indirectly activated genes coding for its downstream targets Noxa, PUMA, and p21. Our data strongly indicate that delanzomib stabilizes p53 by preventing degradation of ubiquitinated p53 and upregulates p53 downstream targets in wild-type p53 cells. Additionally, in wild-type p53 cells, doxorubicin has been proven to increase expression of p53 \[[@R55]\], which we concurrently observed in our results. The combination of increased p53 expression transcriptionally induced by Dox and stabilization of p53 by delanzomib is the underlying mechanism behind the synergy of the combination treatment. Although p53 levels did not significantly change in p53 mutant cell line C33A, treatment with delanzomib and delanzomib plus Dox caused stabilization of p53 transcriptional targets p21, PUMA, and Noxa. These results suggest that proteasome inhibition via delanzomib is a potential tumor suppressor and that the p53 pathway is one of the key mediators of proteasome inhibition-induced apoptosis. In addition, delanzomib was able to enhance Dox-induced p53 and p53 transcriptional target levels, an indication of synergy and greater cytotoxicity. Moreover, we also reasoned that delanzomib might have effects on p38 and JNK pathways since proteasome inhibition is a potential activator \[[@R22]\]. This is particularly important since both JNK and p38 are direct effectors of the intrinsic cell death pathway and are associated with p53 activation \[[@R32], [@R33], [@R56]\]. We showed that single compound treatment with delanzomib upregulates phosphorylation of both p38 and JNK.

In summary, this study demonstrates that delanzomib showed antitumor effects on cervical cancer by inducing apoptosis *in vitro* through p53, p38, and JNK pathways. Additionally, delanzomib increased Dox-induced cytotoxicity by upregulating p53 and p53 transcriptional targets in a panel of cervical cancer cell lines. Our data suggests that delanzomib is a promising cervical cancer treatment both as a monotherapy and in polychemotherapy.

MATERIALS AND METHODS {#s4}
=====================

Antibodies and reagents {#s4_1}
-----------------------

Proteasome inhibitor CEP-18770 was purchased from Selleckchem (S1157) (Selleckchem, Houston, TX, USA). Doxorubicin (Dox, D1515) was from Sigma (Sigma-Aldrich Corp, St. Louis, MO, USA). Anti-p21 (sc-53870), anti-α-Tubulin (sc-53646), anti-Ub (P4D1), and anti-p53 (sc-126) were from Santa Cruz Biotechnology (Santa Cruz Biotechnology, Dallas, TX, USA). Anti-PARP (9542L), anti-phospho-JNK (9251S), anti-JNK (9252L), anti-phospho-p38 (9211L), anti-p38 (8690S), anti-Noxa (14766S), and anti-PUMA (12450S) primary antibodies, as well as anti-Mouse (7076S), and anti-Rabbit (7074S) secondary antibodies were from Cell Signaling Technology (Cell Signaling Technology, Danvers, MA, USA).

Cell lines and cell culture {#s4_2}
---------------------------

Four human cervical cancer lines (SiHa, ME-180, C33A, and Caski) and one other human cervical cancer line (HeLa) used in the study were cultured in RPMI Medium 1640 (RPMI) and DMEM Medium (Lonza, Walkersville, MD, USA), respectively, with added 10% (v/v) heat-inactivated Fetal Bovine Serum (FBS) (SAFC Biosciences, Lenexa, KS, USA), 100 μg/mL streptomycin, and 100 units/mL penicillin. All cell cultures were maintained within a humidified incubator set at 5% CO~2~ and 37°C. All experiments were performed with cells under exponential growth conditions. The HeLa, SiHa, ME-180, C33A, and Caski cell lines were generously given from Dr. Ramondetta (UT MD Anderson Cancer Center, TX, USA).

Cell viability assay {#s4_3}
--------------------

Assays utilized Cell Counting Kit-8 (CCK-8, WST-8\[2-(2-methoxy-4-nitrophenyl)-3-(4- nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazolium, monosodium salt\]) (Dojindo Laboratories, Rockville, MA, USA). 96-well clear-bottom plates were seeded with 1 x 10^4^ cells per well and after the media was changed 24 hours later, the plates were treated with various concentrations of CEP-18770, Dox, or their combinations. Subsequently, cells were maintained at 5% CO~2~ and 37°C for 24 hours if a combination treatment was administered or 72 hours if only a single treatment was administered. Old medium was then removed from each well and replaced with a mixture of 190 μL of RPMI Medium 1640 with 10% FBS and 10 μL of CCK-8; an hour later, via a microplate reader, absorbance was measured at 450 nm. Each experiment was performed in six replicates and background reading from the media was subtracted from each well. Synergic Index was calculated with ComboSyn Software (<http://www.combosyn.com/>).

Cell imaging {#s4_4}
------------

All cervical cancer cells were cultured in 96-well clear-bottom plates at a start of 1 x 10^4^ cells per well. After 72 hours of treatment with indicated concentrations of CEP-18770, cell morphologies were photographed using an optical microscope. Each image was performed in triplicate and the representative was shown.

Colony formation assay {#s4_5}
----------------------

Cells were seeded into 12-well plates at 2 × 10^3^ cells per well, then treated with delanzomib at indicated concentrations. After 72 hours, media containing delanzomib was replaced with fresh media. Two weeks later, cells were fixed and stained with 0.1% crystal violet and photographed. Each experiment was performed in a triplicate.

Flow cytometry {#s4_6}
--------------

Cells were treated with indicated concentrations of CEP-18770 and were subsequently washed with ice cold PBS. Next, cells were harvested and fixed with 70% ethanol. After centrifuging for 5 minutes at 500 g and 4°C, cells were stained with 50 μg/mL Propidium iodide (PI) solution and were analyzed by flow cytometry (FCS Express 4 Software). G1, S, G2/M cell cycle phases were shown.

Immunoblotting {#s4_7}
--------------

After treatment, harvested cells were washed with ice cold PBS twice and were lysed at 6°C in chilled RIPA buffer consisting of 50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.25% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine, 10 μg/mL leupeptin, 1 mM dithiothreitol, 50 mM sodium fluoride, 0.1 mM sodium orthovanadate, and phosphatase inhibitor cocktail 2 and 3 (p5726 and p0044, Sigma). After centrifuging at 13,000 rpm for 15 minutes, supernatants were collected. To detect protein concentration, Bradford reagent (Bio-Rad Laboratories, Hercules, CA, USA) was used. Each sample was then mixed with loading buffer and was heated at 100°C. The protein solutions were separated by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF) membranes (Bio-Rad), blocked with 5% milk for one hour at room temperature (25°C), and exposed to recommended dosages of indicated primary antibodies at 4°C overnight. Next, membranes were incubated with anti-mouse or anti-rabbit secondary antibodies conjugated with horseradish peroxide for one hour in room temperature (25°C). The ECL-Plus Western detection system (GE Health Care, Buckinghamshire, UK) was used to conduct chemiluminescent visualization. α-Tubulin was a loading control for whole cell extracts in all blots.

Quantitative reverse transcription-PCR {#s4_8}
--------------------------------------

Gene transcription levels were measured via the qRT-PCR method. Total RNA was extracted with TRIzol LS Reagent (Invitrogen) and the concentration of the RNA was measured subsequently after. Quantitative PCR was performed in a triplicate with SensiFAST SYBR Hi-ROX One-Step Kit in accordance to the manufacturer's instructions (Bio-73005, Bioline). The mRNA levels for each gene was detected with Applied Biosystems™ Real-Time PCR Instruments. Primers used in this study were *TP53*: 5'-CAGCACATGACGGAGGTTGT, 3'-TCATCCAAATACTCCACACGC; *CDKN1A*: 5'-CTG AAGGGTCCCCAGGTG, 3'-CAGGCTT CCTGTG GGCGG; *BBC3*: 5'-TCAACGCACAGTACGAGCGG, 3'-AGGCACCTAATTGGGCTCC; *PMAIP1*: 5'-GGCTC CAGCAGAGCTGGAAG, 3'-GAAGGAGTCCCCTCA TGCAA.

Soft agar {#s4_9}
---------

A 5% agar solution (214220, Difco Laboratories) was autoclaved and then kept in a 56°C water bath. A 2 mL 0.5% mixture of agar and either DMEM or RPMI 1640 medium containing 10% FBS was plated in 6-well plates as the function of a lower gel. A 1.5 mL 0.3% mixture of agar and either DMEM or RPMI 1640 medium containing 10% FBS was mixed with each cell line at a concentration of 1 x 10^4^ cells per well. The cells in soft agar grew at 37°C and 5% CO~2~ for 2 weeks and were stained with 0.005% crystal violet. Colonies were photographed and counted with VersaDoc Imaging System (Bio-rad). Each experiment was performed in a triplicate.

Statistical analysis {#s4_10}
--------------------

For all *in vitro* assays, a two-tailed Student's *t*-test was used to determine statistical significance. Values are presented as mean ± standard deviation (SD). P \< 0.05 was considered to be standard for statistical significance in all assays.

Synergic index calculation {#s4_11}
--------------------------

Synergic Indexes were calculated using ComboSyn, Inc. software (<https://www.combosyn.com>). Synergic Indexes are shown in the format "Effect Dosage (ED) (percent cell viability)." ED (0.5) represents 50% cell viability and ED (0.9) represents 10% cell viability. Synergic Indexes lower than 1 represents an effective combination and the lower the number, the more effective the combination is.

SUPPLEMENTARY MATERIALS FIGURE {#s5}
==============================
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